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Abstract: In this work, a CoCrFeNiMo high-entropy alloy (HEA) material was prepared by the
vacuum arc melting (VAM) method and used for electro-spark deposition (ESD). The purpose of
this study was to investigate the phase evolution and microstructure of the CoCrFeNiMo HEA as
as-cast and electro-spark-deposited (ESD) coating to assess its suitability for corrosvie environments
encountered in geothermal energy production. The composition, morphology, and structure of the
bulk material and the coating were analyzed using scanning electron microscopy (SEM) coupled with
energy-dispersive spectroscopy (EDS), and X-ray diffraction (XRD). The hardness of the bulk material
was measured to access the mechanical properties when preselecting the composition to be pursued
for the ESD coating technique. For the same purpose, electrochemical corrosion tests were performed
in a 3.5 wt.% NaCl solution on the bulk material. The results showed the VAM CoCrFeNiMo HEA
material had high hardness (593 HV) and low corrosion rates (0.0072 mm/year), which is promising
for the high wear and corrosion resistance needed in the harsh geothermal environment. The results
from the phase evolution, chemical composition, and microstructural analysis showed an adherent
and dense coating with the ESD technique, but with some variance in the distribution of elements
in the coating. The crystal structure of the as-cast electrode CoCrFeNiMo material was identified
as face centered cubic with XRD, but additional BCC and potentially σ phase was formed for the
CoCrFeNiMo coating.
Keywords: high-entropy alloy; coating; electro-spark deposition; microstructure; corrosion;
geothermal environment; XRD
1. Introduction
The concept of complex compositionally alloys, also referred to as high-entropy alloys, has been
recently proposed waiving the idea of solute and solvent and adopting the concept of a mixture of
multi-principal elements in an equimolar or nearly equimolar ratio. Conceptually, this is a radical
departure from the conventional notions that opens up a vast alloy design space yet to be fully
explored [1]. Due to their high mixing entropy, these alloys tend to form a simple solution-like
phase [2–5] and show a variety of desired properties such as high hardness and improved oxidation
and corrosion resistance [6–11].
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With an extended lifetime of geothermal power plants around the world, there is an increased
need to have cost-effective solutions available for the maintenance of power plant components to
ensure sufficient efficiency of the plant. The main maintenance problems are due to the wear, erosion,
and corrosion of plant components due to the corrosive nature and high temperatures of the geothermal
steam [12]. Geothermal steam generally contains dissolved gasses, the most common being carbon
dioxide (CO2) and hydrogen sulfide (H2S), which are highly corrosive. Other corrosive species are,
for example, chloride (Cl−) and sulfur ions (SO2−4 ) [12,13]. One of the most crucial power plant
components of geothermal power plants is the turbine, which uses the geothermal steam to produce
electricity. Geothermal turbine components can experience various corrosion problems, such as the
erosion corrosion of turbine blade materials and wear of rotor materials [14].
The cost of maintenance for a turbine can be lowered if the repair could be performed by a simple
and viable technique with a decreased frequency [15]. Coatings of new corrosion-resistant complex
materials could be performed by electro-spark deposition (ESD) to enhance the corrosion resistance
of the turbine used in the geothermal environment. ESD technology is simple and effective for the
deposition of metallic materials on relatively small repair areas. Usually, the ESD coating process is
performed on installations equipped with a manual electrode holder, and the electrode itself has the
shape of a rod. The advantages of this method include the high adhesion of the resulting coatings,
the possibility of local processing of large-sized parts, its relative simplicity, a low energy consumption,
high environmental compatibility, and the possibility of process automation. ESD has been successfully
used to produce protective coatings for nickel alloys against oxidation [16–19].
In this paper, the potential of using the new compositionally complex alloy (high-entropy alloy)
CoCrFeNiMo as a protective coating on a steel substrate is studied. Previously, this alloy was tested
in a geothermal environment, well known as a highly aggressive environment, and the results were
extremely encouraging [20]. The bulk material in this study was produced as an electrode for the
ESD device, and the coating was fabricated with the new compositionally complex alloy. The use
of such alloys in highly aggressive environments could be a solution to increase the efficiency of
various processes by lowering the maintenance operation frequency needed by each process due to
corrosion and erosion problems. The CoCrFeNiMo alloy was designed to have good adhesion to the
steel substrate, high hardness, and improved corrosion properties. In this study, we present the results
obtained for corrosion in saline water and hardness testing of the bulk alloy, and the phase evolution
and microstructure analysis of the bulk material and the coating fabricated by electro-spark deposition
with an electrode manufactured with the CoCrFeNiMo alloy. The main purpose of this study was to
investigate the phases present in the CoCrFeNiMo coating and to establish if such a coating could be
suitable for protecting the steel parts interacting with harsh environments such as corrosive geothermal
steam. The novelty of this paper is the complex phase-change study from the bulk material to the
coating using electro-spark deposition with an in-house-built high-entropy alloy electrode.
2. Materials and Methods
2.1. Materials and Processing
Alloy ingots were prepared by vacuum arc melting the mixture of high purity metals Co,
Cr, Fe, Ni, and Mo under high-purity argon gas on water cooled Cu hearth (Material Research
Furnaces, Allenstown, NH, USA). The alloys were re-melted and flipped about five times to ensure
the homogeneity of the ingot. The ingots were prepared in a cylindrical shape with a diameter of
23.20 mm and height of 5.28 mm, and the weight was 17.87 g.
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Table 1 presents the composition of the HEA processed in the liquid state.
Table 1. Nominal composition for CoCrFeNiMo.
Elements (at%) Co Cr Fe Ni Mo
CoCrFeNiMo 20 20 20 20 20
The as-cast sample was machined to obtain the electrode that was then used for the electro-spark
deposition on a silicon steel substrate, using a Spark Depo 300 machine (DJK Europe GmbH, Prague,
Czeck Republik). The coating was performed using an argon rate of 3 L/min. Electro-spark deposition
(ESD) is a pulsed-arc microwelding process using short-duration, high-current electrical pulses to
deposit an electrode material on a metallic substrate. A fused, metallurgically bonded coating could be
applied with a low total heat input, and the bulk substrate material remains near ambient temperatures.
The short duration of the electrical pulse allows an extremely rapid solidification of the deposited
material and results in an exceptionally fine-grained, homogeneous coating.
The parameters used in the electro-spark deposition process are summarized in Table 2.
Table 2. Parameters used for CoCrFeNiMo electrospark deposition.
Sample Capacitance (µF) Voltage (V) Frequency (Hz) Atmosphere
CoCrFeNiMo 20 100 3.5 Argon
2.2. Microstructural Analyses
A field emission scanning electron microscope (FE-SEM) Zeiss Supra 25 (Zeiss, Cambridge, UK)
was used for the microstructural analysis, and X-ray energy dispersive spectroscopy (XEDS) equipment
with a Si (Li) X-ray detector and back-scattered electron (BSE) detector. INCA Energy 300 software
(Oxford Instruments, Oxford, UK) was used for the chemical composition analysis. The surface of
the as-cast and electro-spark-deposited (ESD) specimens were analyzed. The cross-section of the ESD
specimen was mounted in thermosetting phenol formaldehyde resin (Bakelite), and grinded and
polished with SiC abrasive paper (down to 1200 grit) for SEM and EDS analysis.
2.3. X-Ray Diffraction (XRD) Analysis
XRD was performed to investigate the phase change for each fabrication method. An X’pert
Pro MRD system (Panalytical, Almelo, the Netherlands) was used to obtain the XRD pattern for
vacuum arc re-melting (VAM) as-cast samples, with a Gobel mirror mounted on the incident side and
a parallel plate collimator on the diffracted side. Measurements were performed in both symmetric
θ–2θ geometry as well as in grazing incidence geometry for increased surface sensitivity. XRD analysis
was also performed on the coating to examine the phases present after the coating procedure.
2.4. Electrochemical Corrosion Testing
The electrochemical corrosion tests were done at 25 ◦C in NaCl 3.5% solution. This test was
performed to evaluate the corrosion resistance of the CoCrFeNiMo alloy in a chloride containing
solution, since geothermal fluid commonly contains Cl− ions, which can facilitate the corrosion process
by penetrating through the oxide films formed. The corrosion resistance was determined with the
linear polarization technique by measuring the potential in the open circuit during 6 h and drawing
the potentiodynamic curves from −1 V (vs. OCP—open circuit potential) to +V (vs. SCE—saturated
calomel electrode), with a scanning rate of 1 mV/s. Tests for corrosion resistance assessment were
performed with a potentionstat/galvanostat PARSTAT 4000 (Princeton Applied Research, Tulsa, OK,
USA) with a low current module VersaSTAT LC and the potentiodynamic curves acquired with the
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VersaStudio v2.50.3 software. An electrochemical cell with a saturated calomel electrode was used in the
testing with a platinum electrode for registering and the investigated sample as the working electrode.
2.5. Hardness Measurement
The hardness of the CoCrFeNiMo high-entropy alloy was tested along the diameter of the samples
in three profiles in 20 different points, and the mean value was calculated. The hardness was measured
with a Shimadzu Vickers hardness device (Shimadzu, Columbia, USA), with a 0.1-kgf load.
3. Results
3.1. Microstructures of As-Cast CoCrFeNiMo
The microstructure of the as cast CoCrFeNiMo revealed a homogeneous structure containing one
single phase and several small segregated compounds, as can be seen in Figures 1 and 2. Figure 1a
shows an SEM image of the microstructure of the as-cast CoCrFeNiMo alloy where the small segregated
compounds are visible. The table in Figure 1 gives the elements in weight % (wt %) of the small
segregated compounds detected in the EDS analysis. The area analyzed is identified with a white box
in the SEM image. The compounds are rich in chromium (Cr), iron (Fe), and oxygen (O), but also
contain the constitutive elements of the HEA alloy. The compounds are around 2–5 µm in width and
many of them have a hexagonal shape.
Coatings 2019, 9, x FOR PEER REVIEW 4 of 14 
 
The  of the CoCrFeNiMo high-entropy alloy was tested along the diamet r of th  
sampl s in thr e profiles in 20 different points, and the mean value was calculated. The hardness was 
measured with a Sh madzu Vick r  hardness device (Shimadzu, Columbia, USA), with a 0.1-kgf load. 
3. Results 
3.1. Microstructures of As‐Cast CoCrFeNiMo  
The microstructure of the as cast CoCrFeNiMo revealed a homogeneous structure containing 
one single phase and several small segregated compounds, as can be seen in Figures 1 and 2. Figure 
1(a) shows an SEM image of the microstructure of the as-cast CoCrFeNiMo alloy where the small 
segregated compounds are visible. The table in Figure 1 gives the elements in weight % (wt %) of the 
small segregated compounds detected in the EDS analysis. The area analyzed is identified with a 
white box in the SEM image. The compounds are rich in chromium (Cr), iron (Fe), and oxygen (O), 
but also contain the constitutive elements of the HEA alloy. The compounds are around 2–5 µm in 
width and many of them have a hexagonal shape. 
(a) (b) 
Figure 1. (a) Scanning electron microscopy (SEM) image showing the microstructure of the as-cast 
CoCrFeNiMo material revealing segregated compounds within the bulk and a table with energy-
dispersive spectroscopy (EDS) analyses of areas highlighted with white boxes in image (a); and (b) 
SEM image of the compound at higher magnification. 
Figure 2 shows a SEM image and the corresponding EDS maps for the as-cast CoCrFeNiMo bulk 
material. The mapping of the elements with EDS reveals the homogeneous distribution of the high-
entropy alloy components. 
Figure 1. (a) Sca ning electron microscopy (SEM) image showing the mi rostructure of the
as-cast CoCrFeNiMo mat rial revealing segregated compounds within the bulk and a table with
energy-dispersive spectroscopy (EDS) analyses of areas highlighted ith whit boxes in im ge (a); and
(b) SEM image of the compound at higher magnification.
Figure 2 shows a SEM image and the correspo ding EDS maps for the as-cast CoCrFeNiMo
bulk material. The mapping of the elements with EDS reveals the hom geneous distribution of t e
high-entrop alloy components.
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Figure 2. Scanning electron microscopy (SEM) image and EDS maps of the as-cast CoCrFeNiMo
bulk material.
3.2. XRD Results for As-Cast CoCrFeNiMo
The XRD pattern of the as-cast CoCrFeNiMo material shows a face centered cubic (FCC) phase to
be present (Figure 3).
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The valence electron concentration calculated for CoCrFeNiMo was 7.8 and indicates the presence
of the FCC phase [6]. This is in good agreement with the XRD analysis shown in Figure 3. The formula





where VECi is the valence electron concentration of each component and ci is the concentration of each
component of the CoCrFeNiMo high-entropy alloy.
3.3. Corrosion Behavior of As-Cast CoCrFeNiMo
A standard electrochemical technique, the potentiodynamic polarization test, was used to study
the corrosion behavior of the CoCrFeNiMo as-cast material. The variation of the potential in open
circuit EOC and the potentiodynamic polarization curve for the as-cast CoCrFeNiMo sample are shown
in Figure 4.
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It is evident from the generated maps that the elements of the HEA electrode material (Fe, Mo, Co,
Ni, Cr) are present, but there is some variation in the distribution of the elements, as can be seen in
the maps.
The microstructure and chemical composition of the cross-section of the deposited CoCrFeNiMo
coating was also studied through SEM and EDS analysis. Figure 8 shows the BSE image of the
cross-section of the coating and the EDS analysis of different parts of it. There was also compositional
variation in the cross-section of the CoCrFeNiMo coatings as can be seen in Figure 8; different areas in
the coating are marked 1 to 4, from the innermost part to the surface. The amount of Cr in the coating
increases with the distance from the substrate; the light gray phase in the coating is rich in Fe, while
the darker phase is more abundant in Cr. The oxygen content increases during the ESD process. In the
first area, area 1, the iron content increases because area 1 is the most influenced by the substrate,
the bonding between the layer, and the substrate being realized in that particular area. As the layer
thickness increases, the substrate influence decreases as well. The increase in oxygen amount is due to
the coating process. The ESD process sometimes promotes oxide formation due to the air atmosphere.
The coating is realized layer by layer and sometimes part of the chromium segregates and forms an
oxide layer during the process, which in the end can have a protective role for the coating itself [24].
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3.6. XRD Analysis of CoCrFeNiMo Coating
Figure 9 shows the XRD pattern of the CoCrFeNiMo ESD coating and, for comparison, the pattern
for the bulk material.
Coatings 2019, 9, 406 11 of 15
Coatings 2019, 9, x FOR PEER REVIEW 11 of 14 
 
 
Figure 9. XRD pattern for CoCrFeNiMo ESD coating (bottom graph) and as-cast material (top graph) 
for comparison. 
The XRD of the coating reveals that two main phases are present after the electro-spark 
deposition (ESD). The dominant phase in the bulk material is FCC, as predicted by the VEC 
calculation presented in Section 3.2. The formation of the FCC phase is promoted when most of the 
binary constituents crystallize in the FCC structure, as CoNi, CoFe, and FeNi. The complete solubility 
of CoNi and sufficient solubility of FeNi could stabilize the FCC phase in the bulk material [26-30]. 
The BCC phase after the ESD process could be due to the presence of Mo in this high-entropy alloy. 
Additionally, the small peaks around 40° in the XRD pattern could potentially be due to the formation 
of a sigma phase that can form in CoCrFeNiMo HEA materials when Mo is added to the mix [1,31]. 
These aspects are further discussed in Section 4. 
4. Discussion 
A unique feature of high-entropy alloys is the ability of different crystal structure elements to 
combine and form a single phase. The CoCrFeNiMo high-entropy alloy consists of elements of similar 
sizes (Co, Cr, Fe, Ni,) and the same valences and electronegativity. Mo is different in size but close to 
the other elements in terms of valence and electronegativity. Co is hexagonal close packed at room 
temperature but transforms to FCC when the temperature increases (after 450 °C it becomes FCC). 
The phase transformation in HEA could be governed to a higher extent by the binary constituents’ 
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can form from the BCC phase without precipitation of the FeCr system [33]. The electro-spark 
deposition process ensures good bonding because the first layers are mixed with the substrate (as 
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a BCC structure and appearance of a σ phase. The formation of the σ phase has also been reported in 
CoCrFeNiMox alloys with increasing Mo content [1,31]. Increasing Mo content has also been shown 
to transform the cast structure into a eutectic structure [34]. Despite that, the detected phase of the 
bulk alloy is FCC, while the XRD pattern (Figure 9b) reveals a mixture of phases for the coating. In 
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XRD of the coating reveals that two main ph ses are present after the elect o-spark depo ition
(ESD). The dominant phase in the bulk material is FCC, as predicted by the VEC calculation presented
in Section 3.2. The formation of the FCC phase is promoted when most of the binary constituents
crystallize in the FCC tructure, as CoNi, CoFe, and Fe i. Th complete solubility of C Ni and
sufficient solubility of FeNi could stabilize the FCC phas in the bulk material [26–30]. Th BCC phase
aft r the ESD proc ss could be du to the presence f Mo in this high-entropy alloy. Additionall ,
the small peaks around 40◦ in the XRD pattern could pote tially be due to the formation of a sigma
ph se that can form in CoCrFeNiMo HEA materials when Mo is added to the mix [1,31]. These aspects
are further di cussed in Section 4.
4. Discussion
A unique feature of high-entropy alloys is the ability of different crystal structure ele ents to
combine and form a single phase. The CoCrFeNi o high-entropy alloy consists of elements of similar
sizes (Co, Cr, Fe, Ni,) and the sa e valences and electronegativity. o is different in size but close to
the other ele ents in ter s of valence and electronegativity. Co is hexagonal close packed at roo
te perature but transfor s to FCC when the te perature increases (after 450 ◦C it beco es FCC).
The phase transformation in HEA could be governed to a higher extent by the binary constituents’ pairs
that evolve first, rather than by the individual elements themselves. The bulk material CoCrFeNiMo
contains pairs of CoNi, NiCr, NiFe, and NiMo with an FCC structure [32]. The CoFe pair presents a
BCC structure, and CoCr, CoMo, FeCr, and FeMo tend to stabilize the σ phase. In the case of coatings,
the interface is influenced by the substrate. It has been found that the sigma phase can form from
the BCC phase without precipitation of the FeCr system [33]. The electro-spark deposition process
ensures good bonding because the first layers are mixed with the substrate (as shown in Figure 8
zone 1). This could explain the appearance of a mixture of phases and variance in the composition
in the coated layer. The addition of molybdenum tends to stabilize the formation of a BCC structure
and appearance of a σ phase. The formation of the σ phase has also been reported in CoCrFeNiMox
alloys with increasing Mo content [1,31]. Increasing Mo content has also been shown to transform
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the cast structure into a eutectic structure [34]. Despite that, the detected phase of the bulk alloy is
FCC, while the XRD pattern (Figure 9b) reveals a mixture of phases for the coating. In the coating
process, a high temperature is generated, which can modify the phases in the structure. The results
from the XRD and the microstructural and EDS analyses presented in Figure 8, areas 1, 2, 3, and 4
confirm this. The increase in Mo content transforms the eutectic microstructure into a hypo/hyper
eutectic structure. This preference is probably due to a higher driving force for the formation of a
stable σ phase of the FeCrMo type. Cr is an important constituent in HEAs and, as already discussed
in the context of equiatomic alloys, Cr stabilizes the BCC structure and can promote the formation of
the σ phase particularly in the presence of Fe, Co, and Ni. The bulk alloy processing method, due to
the rapid cooling process, stabilized the FCC phase in the CoCrFeNiMo high-entropy alloy. The binary
pairs CoFe and CrMo in the high entropy alloy tend to stabilize the BCC phase. The BCC phase is
present in the coating due to the mechanism of rapid cooling during the electro-spark deposition
process. The coating process is based on metallurgical bond formation due to an electrical discharge,
which increases the temperature for the electrode and substrate, and then the layer is cooled almost
instantaneously. The rapid cooling of the high entropy alloy on the substrate favors the BCC phase
formation. Cr, Fe, Mo have a BCC structure at room temperature and usually promote the BCC phase
formation. The σ phase is sometimes observed in Cr-containing steels and has a typical composition of
equiatomic FeCr with a tetragonal structure. The σ phase has also been observed with equiatomic
CoCr or FeMo in binary CoCr and FeMo alloys. A large number of HEAs containing Fe and/or Co
together with higher amounts of Cr and/or Mo have shown the formation of the σ phase at various
stages in their processing. In HEAs, the σ phase is also a multicomponent solid solution. The formation
of the σ phase is an indication that different types of solid solutions in HEAs could form depending on
the interaction and atomic size difference between elements and not just the configurational entropy
alone. The σ phase is in fact a topologically close-packed phase in which components with larger
atomic size occupy one specific set of lattice sites while smaller atoms occupy another set so as to get
a higher number of bonds to lower its overall free energy, although the interactions (or enthalpy of
mixing) between components are low [27]. The electro-spark deposition using the heated electrode
and electric current to ensure the spark deposition modified the phases in the alloy and promoted the
formation of new phases for the coating. The substrate influence and the coating process induced the
mixture of phases in the coating, forming FCC, BCC, and potentially the σ phase in the coated layer.
The corrosion rate of the CoCrFeNiMo HEA bulk material calculated from the electrochemical
parameters obtained in the corrosion test in the salt solution at room temperature was very low
(0.0072 mm/year) and thus encouraging for the further study of this alloy for the chloride-containing
geothermal fluid commonly encountered in geothermal energy utilization. The corrosion resistance
of the CoCrFeNiMo bulk material can be attributed to the passivation of the alloy by the formation
of thin chromium-oxide-rich surface film, and also to the presence of Mo, which can decrease the
susceptibility to corrosion, particularly pitting corrosion, by acting as a barrier at the surface against
electrochemical attack. Mo-free containing HEA alloys have been found to pit in 1 M NaCl, while
the Mo-containing alloys were not susceptible to pitting [25]. Whether the formation of additional
phases, such as the BCC phase, in the fabricated CoCrFeNiMo HEA coating in this study has a large
effect on the corrosion resistance of the coatings compared to the bulk material is being studied in
our ongoing project dedicated to developing HEA coatings for geothermal environments. It has
been reported that both BCC and FCC phases can be formed in HEA coatings; Ye at al. [35] prepared
AlxCoCrCuFeNi HEA coatings with laser cladding on AISI 1045 steel, which were proven to have both
FCC and BCC structures. A relatively homogenous distribution of elements was observed, and the
coatings possessed better corrosion resistance than the 314L stainless steel tested in the same conditions
(0.05 mol/L HCl) [36]. This encourages us to continue the research using 1 M NaCl solutions at room
temperature, and in simulated and in-situ in geothermal environments at elevated temperatures.
The hardness was measured to assess the mechanical properties of the CoCrFeNiMo HEA in this
study, and the results were promising. The value obtained, greater than that of stainless steel, could
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positively influence the mechanical properties of the coating and wear resistance. In our further study,
this will be investigated, as well as the potential evaluation of the fracture toughness at micro-scale
with the experimental approach reported in the literature [35].
5. Conclusions
• Vacuum-arc-melted CoCrFeNiMo HEA was fabricated and used for producing an
electro-spark-deposited coating.
• Testing of the as-cast material revealed high hardness (593 HV) and low corrosion rates (0.0072
mm/year), which is promising for the high wear and corrosion resistance needed for the harsh
geothermal environment.
• Adherent and dense coating was obtained, but some variance in the distribution of elements was
observed in the coating, with Cr increasing with the distance from the substrate.
• The crystal structure of the as-cast electrode CoCrFeNiMo material was identified as FCC with
XRD, but additional phases were formed in the CoCrFeNiMo coating, such as BCC and potentially
the σ phase.
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